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Abstract
Nanoparticle additions can substantially improve the performance of Reverse osmosis and
nanofiltration Polyamide (PA) membranes. However, the relative impacts of leading additives are
poorly understood. In this study we compare the effects of TiO2 and SiO2 nanoparticle as
nanofillers in PA membranes with respect to permeate flux and the rejection of organic matter and

salts. Thin film nanocomposite (TFN) PA membranes were fabricated using similarly-sized
TiO2 (15 nm) and SiO2 (10 − 20 nm) nanoparticles (NPs), introduced at four different

nanoparticle concentrations (0.01 %, 0.05 %, 0.2% and 0.5 % w/v). Compared with PA membranes

fabricated without NPs, membranes fabricated with nanofillers improved membranes
hydrophilicity, membrane porosity and consequently the permeability. Permeability was increased
by 24% and 58% with the addition of TiO2 and SiO2 , respectively. Rejection performance and
fouling behavior of the membranes was examined with salt (MgSO4 and NaCl) and organic matter

(humic acid (HA) and tannic acid (TA)). The addition of TiO2 and SiO2 nanofillers to the PA

membranes improved the permeability of these membranes and also increased the rejection of
MgSO4 , especially for TiO2 membranes. The addition of TiO2 and SiO2 to the membranes

exhibited a higher flux and lower flux decline ratio than the control membrane in organic matter
solution filtration. TFN membranes’ HA and TA rejections were at least 77% and 71%

respectively. The surface change properties of nanoparticles appear to play a dominant role in
determining their effects as nanofillers in the composite membrane matrix through a balance of
changes produced in membrane pore size and membrane hydrophilicity.
Keywords : Thin Film Nanocomposite (TFN), Polyamide, TiO2 , SiO2 , Comparison,
Nanofiltration.
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Abbreviations
TFC

Thin film composite

BPO

Benzoyl Peroxide

NF

Nanofiltration

TFN

Thin Film Nanocomposite

UF

Ultrafiltration

NOM

Natural Organic Matter

RO

Reverse Osmosis

NC

Nanocomposite

PA

Polyamide

IP

Interfacial Polymerization

HA
TA

Humic acid
Tannic acid

FRR
FDR

Flux Recovery Ratio
Flux Decline Ratio

MPD

m-phenylenediamine

SEM

Scanning Electron Microscopy

IPC

isophthaloyl chloride

FTIR

Fourier Transform Infrared Spectrometer

THF

tetrahydrofuran

ZPC/PZC

Zero Point of Charge
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1. Introduction

Membrane technologies are broadly used for drinking water treatment, wastewater treatment,
reclamation and reuse. Polyamide (PA) is the dominant polymer of choice for nanofiltration (NF)
and reverse osmosis (RO) applications [1], yielding membranes with excellent properties for the
removal of organic matter and salts. However, PA membrane applications are restricted due to
their relatively low chemical and chlorine tolerance, and higher fouling potential [2–4]. Fouling is
one of the main problems in membrane separation, which reduces efficiency, increases operational
cost and shortens membrane life [5]. Therefore, it has been a long-standing goal to develop highly
stable PA membranes with anti-fouling properties. Several recent investigations have considered
the addition of nanomaterials as “nanofillers” in the polymer matrix to increase the anti-fouling

resistance of membranes, primarily through alterations in surface charge and hydrophobicity of
membrane in surfaces water treatment applications [6–10]. Inorganic particles such as graphene
oxides (GO) [11,12], carbon nanotubes (CNT) [3,13,14], silica (SiO2 ) [15,16] and titanium dioxide

(TiO2 ) [14,17,18], when added to the PA layer of thin film composites, have been observed to

improve hydrophilicity and reduce fouling. TiO2 is one such promising nanofiller that may be used

to improve properties of both the rejecting skin and support layers of membranes due to its
relatively high hydrophilicity [19,20], low toxicity and environmental compatibility. While the
mechanisms of improving membrane, performance are still poorly understood, TiO2 nanoparticles

appear to provide additional paths for water transport in the PA matrix [1,17]. Similarly, SiO2

nanoparticles have received attention due to their properties of high surface energy, low cost, small
particle size, large surface area, and thermal resistance. The high number of hydroxyl groups and
unsaturated residual bonds on the surface of SiO2 and the relatively inert nature of these particles

make them excellent candidates for increasing membrane hydrophilicity [21–23] while being
environmentally compatible [24,25]. The structure of PAs produced with TiO2 or SiO2

“nanofillers” typically shows a network with relatively low chain mobility, leading to a critical

void size and preferred absorption on the membrane that contacts the salt water [26]. The addition
of TiO2 and SiO2 to polymeric membranes has also been proposed as a possible strategy to reduce
membrane breakage and fouling.

The current study considers the fabrication and comparison of TiO2 and SiO2 polymer composites
porous membranes for water treatment with the goal of better understanding the properties of

nanofillers, which control the membrane properties. The performance of nanocomposite
membranes was evaluated using feed streams composed of salts and organic matter.

2. Material & Methods
2.1 Materials
N, N-dimethylacetamide (DMAc), isophthaloyl chloride (99 %) and benzoyl peroxide (BPO) were
supplied from Sigma-Aldrich (USA). M-phenylenediamine (99 %) from Acros Organics (USA)
and LiCl from Fisher (USA) were used as received. Titanium dioxide (TiO2 ) nanoparticles were

supplied from Nanostructured & Amorphous Materials Inc. (TX, USA), with the purity of 99.7

wt.% an average diameter of 15 nm and 240 m2 /g SSA. Silica (SiO2 ) nanoparticles were supplied
from Sigma Aldrich (USA) with the purity of 99.5 wt.% and an average diameter of 10-20 nm.

MgSO4 and NaCl were supplied from Amresco and Fisher (USA), respectively. Humic acid and
Tannic acid were supplied from Alfa Aesar and Sigma Aldrich (USA), respectively.

2.2 Fabrication of membranes
Synthesis of aromatic polyamide (PA) polymer and fabrication of 𝑻𝑻𝑻𝑻𝑻𝑻𝟐𝟐 and 𝑺𝑺𝑻𝑻𝑻𝑻𝟐𝟐 composite
membrane
The synthesis of membrane polymer follows an established protocol described by Hosam et. al.
[26]. Briefly, a solution of m-phenylenediamine (MPD) and sodium carbonate was dissolved in
deionized water. Secondly, a solution of isophthaloyl chloride (IPC) in tetrahydrofuran (THF) was
rapidly poured into the MPD solution and vigorous stirring was continued for 5 min. In the mixture

of MPD/IPC solution, the product thus obtained is a white fibrous precipitate. Then, the residue
was separated by filtration, washed with excess deionized water and then dried under vacuum at
80–90 °C. TiO2 and SiO2 PA nanocomposite membranes were fabricated using the same method
by introducing them into the initial MPD solution.

TiO2 and SiO2 -PA composite membranes were fabricated using that polymer and TiO2 /SiO2

nanoparticles having radii was about 15 nm, 10-20 nm, respectively as measured by dynamic

light scattering and electron microscopy. Nanoscale TiO2 and SiO2 were chosen based on their
differences in zero-point-of-charge (zpc) (approximately 6.5 and 2 respectively) in aqueous
solutions and the ease of dispersing these nanoparticles in the solvent.

2.3 Characterization of membranes
SEM and FTIR confirmed the homogenous distributions of the nanoparticles throughout the
membrane matrix. The fabricated membranes were characterized with respect to electrokinetic
measurements of streaming potential, contact angle and permeability of DI water and rejection of
salts and organic matter. Membrane samples were rinsed with deionized water and then dried
before all analysis. Fourier transform infrared (FTIR) spectroscopy (Nicolet 8700,
ThermoScientific, USA) with an Attenuated Total Reflection (ATR) unit (ZnSe crystal, 45°) was

used to characterize of functional groups on the membranes at 25 °C. The hydrophilicity of the

membranes was determined by contact angle measurement (Kruss EasyDrop Goniometer,
Hamburg, Germany). Membrane morphology was evaluated using Superscan SSX-550 scanning
electron microscopy (SEM) (Shimadzu Co., Kyoto, Japan). Membrane streaming potential was
measured by using an electrokinetic analyzer (SurPAS, Anton Paar GmbH), based on the
streaming potential measurement, where 1 mM KCl was used as electrolyte solution at pH = 6 to

8.

2.4 Permeability and rejection measurements of membranes
Water permeability experiments determined the hydraulic resistance of the PA membrane, as
measured of a period of 1 h over an applied range of pressures of 3.0, 3.5 and 4.0 MPa. All

experiments are performed in the in Sterlitech stirred cells at 25 °C having an active membrane
area of 14.6 cm2 .

In rejection experiments, solutions of salt and/or organic matter were introduced to the membrane,
using 2 g/L aqueous NaCl or MgSO4 as a feed solutions at 3.5 MPa and either Humic Acid (HA)

or Tannic Acid (TA). Permeate flux (J), the observed salt rejection (R) and organic matter (OM)
were measured at transmembrane pressure differentials, ∆P and values of R were determined as a
function of J using eq. (1).

J=

∆Wfeed
Am ∆t

(1)

Where ∆Wfeed is the weight change of the feed solution, Am is the membrane effective area, and

∆t is the permeation time. The observed rejection, R as a function of the permeate flux, J, for all

permeate sampling times is given by:

R=1−

Cp
Cf

(2)

Here, Cf and Cp are the salt concentration in the feed and permeate, respectively. The

concentrations of salts (MgSO4 , NaCl) in the feed and permeate were measured using a

conductivity probe (XL 20, Fisher Scientific, USA). Natural Organic Matter (NOM) rejection of

the prepared membranes was evaluated by using feed solutions of either humic acid (HA) or tannic
acid (TA) at a concentration of 5 mgC/L TOC content, filtered through the membranes at 3.0 MPa.

NOM substances of the feed and permeate were measured by a total organic carbon (TOC). TOC
measurements performed with a Schimadzu TOC VCP-N analyzer equipped with an auto sampler.

2.5 Fouling behavior of membranes

The fouling behavior of the membranes was evaluated by filtering HA or TA solutions at room
temperature for 5 h at 3.0 MPa. A concentration of 5 mg/L as organic carbon was used in both
cases, selected to ensure significant fouling and corresponding to a high-NOM containing lake
water. Before introducing the NOM in the feed, the initial permeability of the membrane was
determined by DI water flux over a period of 30 minutes at 3.0 MPa. The initial water flux (J1 ),

was then compared with the flux obtained after filtering the NOM solutions (J2 ) and again
subsequent to NOM solution, when DI water was re-introduced to the feed for a 30 minute period

at 3 MPa (J3 ). In order to evaluate the fouling and fouling reversal properties of the membranes,
the flux recovery ratio (FRR) and flux decline ratio (FDR) were calculated as
FRR(%) =

J3
J1

× 100%
J

FDR(%) = (1 − 2 ) × 100%
J1

(3)
(4)

3. Results & Discussion
3.1 Influence of nanoparticles on membrane properties
Surface Chemical Structure
Functional groups on PA and the molecular structure of all membranes were characterized using
FTIR Spectroscopy as shown in Fig. 1. These spectra demonstrate the presence of typical PA
chemical functional groups in the range of 675 cm−1 - 4000 cm−1 [27]. The peaks between 1500

cm−1 and 1700 cm−1 are attributed to the PA layer [28]. Precisely, the peak at 1652 cm−1 shows

succesfully formation of interfacial polymerization (IP) and the presence C = O stretching

vibration (amide I bands), band of polyamide group. The peak at 1610 and 1487 cm−1 belongs

to aromatic amide ring breathing and the peak at 1539 cm−1 is associated (mainly) with N − H

bending as well as the C − N stretching vibration (amide II bands) of the −CO − NH − group and

at 1249 cm−1 (amide III bands) [27–36]. Also, the peak at 3317 cm−1 can be assigned to N– H
(and O– H). Fig. 1 also shows that the FTIR spectra for membranes with different ratios of TiO2

and SiO2 are almost identical with that of the control membrane. TiO2 added to the layer does not
appear to form any new chemical bonds as there was no difference of the wave number. However,
one possible interaction between TiO2 and carboxylic groups on the PA is suggested by formation

of H-bond [37]. Overall, the IR spectra revealed that the PA layer was formed even though there

was a significant change with TiO2 addition. The characteristic vibrational bands of Si − O − Si
hydrolyzed from silica were also observed at 1095 cm−1 . As the ratio of SiO2 nanoparticles

incremented, the depth of Si − O − Si peak gradually increased intensity in the FTIR spectra of

the SiO2 membranes, which confirming the successful addition of SiO2 [38] (data not shown). As

reported previously, hydrogen-bonding between hydroxyl group present at the TiO2 and SiO2
nanoparticles and the polyamide polymer is expected [20].
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Figure 1. FTIR spectra of Control and TiO2 /SiO2 added membranes.

Streaming potential of composite membrane

Membrane surface charge was analyzed over a pH range of 6.0 - 8.0 representative of natural
surface water pH [39–42] using streaming current measurements. As seen in Figure 2, all the
membranes investigated were negatively charged. Nanoparticle addition modified the membrane
streaming potentials, confirming the nanoparticles addition and their presence at the membrane
surface. The point of zero charge (PZC) for SiO2 and TiO2 is close to pH 2 [43] and pH 6.5 [44],

respectively. As a consequence, at the pH values between 6 to 8 used in these experiments, the

SiO2 surface presents a more negative surface charge than does the TiO2 with an overall effect on

membrane charge. As a consequence, the SiO2 added membranes presented the most negatively
charged surface as the SiO2 content increased. In comparison to the control membrane, the TiO2

membrane show a more negative surface from pH 6 to 7 but a similar charge from pH 7.5 to 8,
which could signify that the PZC pH of this specific TiO2 could be close to pH 7.5.
SiO2 nanofiller resulted in membranes that were most negatively charged with progressively more

negatively charged hydroxyl groups [16] as the SiO2 content increased. The addition of

nanoparticles changed the membrane surface chemistry, at pH values > 7; TiO2 membrane

composites had similar streaming potentials to the control membrane. However, at pH values < 7;
TiO2 addition resulted in membranes that were more negatively charged than the control

membranes.
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Figure 2. Streaming potential of Control and TiO2 /SiO2 added membranes from pH 6 to 8.

Surface Hydrophilicity

Increased surface charge should be accompanied by increased hydrophilicity. Hydrophilicity of
the composite membranes was evaluated by contact angle measurements between the membrane
surface and the air–water crossing point [45] in Fig. 3. The control membrane showed the highest
contact angle of 58°, implicating that it is the least hydrophilic of all of the membranes tested.

Compared with the control, contact angles of the TiO2 and SiO2 membranes decreased to 38.7°
and 28° for 0.5 TiO2 and 0.5 SiO2 , respectively. Consistent with expectations, nanoparticles
addition therefore creates more hydrophilic surfaces of the composite membranes due to the

hydrophilic – OH groups of TiO2 and SiO2 . These results imply the presence of nanoparticles at

the water interface, and not only embedded in the PA matrix. It can be found that the contact angle
of both TiO2 - and SiO2 - doped membranes diminished with an increase in the np/PA ratio. At the

same ratio, the SiO2 membranes created a more-hydrophilic surface than TiO2 and stronger
hydrophilicity may be associated with a higher membrane permeability, assuming an identical

porous network [15].

Membrane water permeability increased as the water contact angle rises. Water permeability rose
by 130 % and 320 % for 0.5 TiO2 and 0.5 SiO2 respectively compared to the control membrane.

It should be noted that a poor linear relationship was found between the contact angle and the water
permeability. The 0.2 TiO2 membrane and 0.01 SiO2 membrane have the same contact angle and

a similar water permeability. However, 0.5 TiO2 and 0.05 SiO2 yielded a similar contact angle but

0.05 SiO2 water permeability was 157 % higher. This may reflect three dimensionally modification
of the membrane porous network when adding high concentration of SiO2 .
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Figure 3. Contact Angle and Permeability measurements of Control and TiO2 /SiO2 added
Nanocomposite membranes.
Membrane Morphologies
Representative SEM cross-sectional images of PA membranes are presented in Fig. 4. All of the
fabricated membranes showed an asymmetric porous structure, a skin layer as the selective barrier,
a finger-like substructure, and a sponge-like bottom support. Also, this shows that TiO2 and SiO2

are well-dispersed and, due to a homogeneous casting solution, have a similar structure to the

Control membrane. However, nanoparticles addition was shown to modify the membrane
structure. To better understand the pore structure of the cross section of the fabricated membranes,
enlarged images of skin layer cross sections were captured at 20,000x and 200,000x magnification.
Additional images are presented in the SI. As can be seen in 200,000x magnification, the Control

membrane exhibited a denser structure of its skin layer. When increasing the TiO2 and SiO2

concentration the porous network was enlarged (Figure SII). No difference was observed between
the TiO2 and SiO2 membranes. This difference in membrane structure may be explained by the

effects of hydrophilic TiO2 and SiO2 nanoparticles on the rate of exchange between solvent and
water during phase inversion. During, phase inversion, the casting solution is rapidly solidified at
the interface between solvent and water due to the concentration gradient of the components.
Notably, the literature shows that the addition of hydrophilic CNCs and CNTs may increase the
rate of demixing by increasing the thermodynamic instability, leading to the membranes with
higher porosity, pore radius, and surface porosity [46]. Higher hydrophilicity additives would be
expected to result in a larger porous network. This observation is in accordance with the hypothesis
that SiO2 addition leads to the increased pore network modification developed in the previous

section (Fig.4 (F and I)). TiO2 and SiO2 addition significantly modify the polyamide hydrophilicity
and pore structure resulting in an increase of the water permeability [20,47,48].

Control Polyamide

800 x

20,000x

200,000x

% 0.05 TiO2
% 0.05 SiO2
Figure 4. Cross-sectional SEM images of the all fabricated polyamide membranes.
3.2 Salt and NOM Separation and Fouling Behavior
Salt and NOM separation and flux performance of membranes
The effect of TiO2 and SiO2 addition on the MgSO4 and NaCl rejection and permeate flux of the

composite membranes is shown in Fig.5. Water flux of MgSO4 and NaCl follow the same trend as

the pure water flux describe earlier. The water flux follows this trend Jcontrol < JTiO2 < JSiO2 with

a rise of flux when the nanoparticle content rises. The membrane flux of the MgSO4 solution

increased from 16.5 LMH to 20.1 LMH for % 0.01 TiO2 and % 0.5 TiO2 , respectively and from
21.2 LMH to 41.4 LMH for % 0.01 SiO2 and % 0.5 SiO2 , respectively.

MgSO4 rejection for both nanocomposite membranes was always higher than that of the control

membrane (Fig.5 B). Interestingly, increases in rejection of MgSO4 for both nanofillers were
relatively insensitive to changes in nanofiller content. MgSO4 rejection increased by 80% and 20%

for 0.01 TiO2 and 0.01 SiO2 respectively, to reach values of 47.7% and 31.9%, when averaged
over the nanofiller amounts. In contrast, NaCl rejection was lower than that for divalent ions, with

a membrane rejection between 22.4% and 31.2%, the presence of SiO2 nanofiller appearing to
reduce rejection of this monovalent salt. Between membranes, even less variability was observed

in comparison to the MgSO4 rejection performance (Fig. 5. B). TiO2 addition slightly improved
the membrane performance; however, no trend can be seen with the nanoparticle’s content. More

SiO2 added yielded a less NaCl rejection with the 0.5% SiO2 reducing rejection by 14 % in

comparison to the control membrane. Li et. al. reported similar results in their study with a
mesoporous SiO2 used as nanofiller in TFN PA membranes. They reported an increase in flux of

30%, with a decrease in rejection of 13% in MgSO4 [49]. Also, Hu et al. added silica and found

with 0.2% silica a 42.7 % higher water flux compared the control and reported promising capability
for softening concentrated seawater from 8 to 20% [50]. Raejaen et al. in their study with 0.005%
TiO2 addition, observed NaCl rejection increased to 54% and flux also enhanced [19]. They also

reported that with increasing concentration of TiO2 from 0.005 to 0.1 wt.% there was a change in

the pore size and thickness/porosity ratio, which caused lower permeability and stable rejection in
the solute.
Hydrated ion size exclusion and Donnan effects have been suggested as mechanisms for salts
rejection in similar PA membranes [51]. Because of the charge and size (Table 1) of divalent ions,
divalent ions should be removed by the membrane to a greater extent by these two mechanisms
than monovalent ions. The higher negative surface charge of SiO2 membrane compared with the

TiO2 membrane at the pH values used in these experiments would be expected to create a greater

Donnan effect and greater MgSO4 rejection, where the opposite trend ( SiO2 > TiO2 > control) was
observed here. It is not clear therefore that difference in membrane charge produced by nanofillers
can explain the difference in divalent ion rejection as a Donnan effect. Also, rejection increases
despite the looser porous network produced by nanofillers which brings into question the role of
ion, or hydrated ion exclusion.

Table 1. Physical properties of the salt ions.
Ion

Stokes Radius (nm)

Hydrated Radius (nm)

Cl

0.121

0.332

+

Na

0.184

0.358

SO4-2

0.230

0.379

Mg+2

0.347

0.428

Indeed, the lower rejection of NaCl by the membranes with SiO2 nanofiller is consistent with the
higher permeate flux of these membranes.
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The rejection and average flux of NOM would be expected to be more dependent on pore size than
the NOM molecular weight. While the addition of nanofiller tended to increase the permeate flux
when treating solutions of both HA and TA, nanofiller addition had almost no effect on NOM
removal and may have even decreased the removal of the smaller molecular weight TA (Fig. 6).
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Fouling behavior
Even after normalizing for the higher initial fluxes of the membranes with nanofillers, these
membranes exhibited reduced fouling during NOM filtration and improved permeate flux recovery
when DI water was re-introduced (Fig. 7). Also, increases in nanofiller tended to be associated
with improvements in performance (less fouling, better permeate flux recovery, Figure 8).
However, the improvements were more evident in experiments with the HA. The humic acid used
in this study was soil based and has a higher molecular weight and hydrophobicity than aquatic
OM [52]. The TA is more hydrophilic and characterized by a smaller molecular weight (1700 Da)
[53]. Both OM sources are negatively charged owing to dominance of carboxylic acid groups [54].
Changes in fouling behavior associated with changes in membrane charge would therefore be
expected to be more evident with the TA. However, the TA, when introduced to the more
permeable SiO2 nanocomposite membranes, yielded the smallest improvements in reduced
fouling compared with the control. It is reasonable to conclude that the increased hydrophilicity
(and charge) of the membranes with nanofiller reduced fouling, but that increases in membrane
permeability (and therefore pore size) increased the accessibility of the smaller molecular weight
TA to the membrane interior. There may be an optimum in nanofiller content that reflects the
balance between hydrophilicity/charge and membrane pore size.
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membranes.
These results are consistent with many previous studies [55–57] reporting that the antifouling
properties of membranes improves with decreased membrane pore size [58], increased surface
hydrophilicity (and charge [55]) and a decrease of membrane roughness [57].

4. Conclusion
The comparison of the performance and morphology was carried out between control and
nanocomposite membranes with nanosized particles of similar size. The addition of TiO2 and
SiO2 to the PA membranes improved permeability and increased MgSO4 rejection. Membrane

permeate fluxes were increased with increasing TiO2 and SiO2 content up to 0.5 wt.%. The

following rejection trend was observed among all of the investigated membranes:
R HA >R TA >R MgSO4 >R NaCl . MgSO4 rejection increased with the increment of TiO2 and

SiO2 content in the membrane. NaCl rejection was similar at lower contents of TiO2 and SiO2 .

However, membranes with higher amounts of the SiO2 content decreased NaCl rejection. HA and
TA flux recovery ratio increased with the addition of TiO2 and SiO2 in the membrane.

The addition of metal oxide nanofillers to polyamide membranes can improve membrane
performance as measured by the rejection of solutes, permeate flux, and reduced fouling.
Nanoparticle charge appears to play a key role in modifying the polyamide matrix to become more
hydrophilic while increasing pore size. Nanoparticles with a lower pH zpc appear to create more

highly charged and hydrophilic membranes than NPs with a higher pH zpc. Lower pH zpc also
appears to favor a larger pore size in the composite membrane. Many of these effects are
dependent on the concentration of nanofiller, suggesting that there is an optimal nanofiller content
to be considered in formulating membranes to achieve a balance between hydrophilicity and pore
size that may vary as a function of the feedwater quality.
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